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In this paper, an electricity-cooling cogeneration system based on Rankine-absorption refrigeration com¬ 
bined cycle is proposed to recover the waste heat of the engine coolant and exhaust gas to generate elec¬ 
tricity and cooling onboard ships. Water is selected as the working fluid of the Rankine cycle (RC), and a 
binary solution of ammonia-water is used as the working fluid of the absorption refrigeration cycle. The 
working fluid of RC is preheated by the engine coolant and then evaporated and superheated by the 
exhaust gas. The absorption cycle is powered by the heat of steam at the turbine outlet. Electricity output, 
cooling capacity, total exergy output, primary energy ratio (PER) and exergy efficiency are chosen as the 
objective functions. Results show that the amount of additional cooling output is up to 18 MW. Exergy 
output reaches the maximum 4.65 MW at the vaporization pressure of 300 kPa. The study reveals that 
the electricity-cooling cogeneration system has improved the exergy efficiency significantly: 5-12% 
increase compared with the basic Rankine cycle only. Primary energy ratio (PER) decreases as the vapor¬ 
ization pressure increases, varying from 0.47 to 0.40. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

As the severity of the energy scarcity and environmental pollu¬ 
tion, more attention is paid to search for efficient methods of fuel 
consumption reduction and emission control on marine diesel en¬ 
gines, which are the main consumers of the fossil fuel and contrib¬ 
utors to environment pollution [1,2]. One of the valuable 
alternative approaches is to capture and reuse the waste heat en¬ 
ergy, which is called waste heat recovery (WHR) technology [3], 

Before research on waste heat recovery of diesel engine, analy¬ 
sis of energy balance should be first carried out to find out the po¬ 
tential of WHR. A study [4] on a typical two-stroke diesel engine of 
MAN B&W Diesel had discovered that 25.5% of energy is wasted 
through the exhaust at ISO ambient reference conditions at 100% 
Contract Maximum Continuous Rating (CMCR), and 16.5% and 
5.6% through the air cooler and jacket water respectively. It is 
promising to convert waste heat into useful output, which will im¬ 
prove fuel consumption. 

In the early time, WHR on board ship was mainly focused on 
space heating [5], heavy fuel oil heating [6] and ballast water heat¬ 
ing [7] and other thermal needs, which were inefficient. With 
increasingly world-wide concern on energy shorting, many recov¬ 
ery techniques in international combustion engine (ICE) such as 
turbine, refrigeration, thermoelectric, Rankine cycle and desalina¬ 
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tion were carried out [3]. Recently more attentions have been paid 
for Rankine processes and the number of investigation for optimi¬ 
zation of Rankine cycle has increased significantly. Wang et al. [8] 
presented a review about researches on thermal exhaust heat 
recovery with RC, including different system configurations, com¬ 
ponents on performance and working fluids. Teng [9-11 ] proposed 
a supercritical Organic Rankine cycle (ORC) system to recover 
waste heat from heavy-duty diesel engines. Charge air cooler and 
exhaust gas recirculation (EGR) cooler served as pre-heaters for 
the working fluid, and the exhaust gas cooler served as an evapo¬ 
rator. Results showed that this system could recover 20 % of the 
waste heat from the engine, making the efficiency of the hybrid en¬ 
ergy system over 50 %. Srinivasan et al. [ 12 ] introduced ORC turbo¬ 
compounding in parallel with hot EGR and found 7 % improvement 
in fuel conversion efficiency and 18 % reduction in NOx and C0 2 
emission on average. Performances of nine different pure organic 
working fluids were studied by Wang et al. [ 13 ] to find out the 
optimal working fluid for engine waste heat-recovery. Investiga¬ 
tions on ORC system to recover waste heat of diesel engine were 
also conducted in our previous work, including analytic network 
process technique used in assessment of WHR methods [ 14 ], per¬ 
formance of different configuration [ 15 ], selection of working flu¬ 
ids [ 16 , 17 ] and optimal operating parameters [ 18 ], Results 
showed that ORC WHR system was potential to reduce fuel con¬ 
sumption and improve thermal efficiency. Compared with automo¬ 
bile engine, marine engine onboard ship has some advantages: 
more stable operation, larger spacing for installing, and larger 
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Nomenclature 



ARS 

absorption refrigeration system 

h 

enthalpy 

CCHP 

combined cooling, heat, and power 

m 

mass flow rate 

CHP 

combined heat and power 

Q 

heat energy 

CMCR 

Contract Maximum Continuous Rating 

w 

power 

COP 

coefficient of performance 

w net 

net power of RC 

HCCI 

homogeneous charge compression ignition 

>1 

efficiency 

ICE 

international combustion engine 

£ 

effectiveness of SHX 

MEPC 

Maritime Environment Protection Committee 



ORC 

organic Rankine cycle 

Subscript 


PER 

primary energy ratio 

a 

air 

RC 

Rankine cycle 

g 

exhaust gas 

SHX 

solution heat exchanger 

G 

electric generator 

a, b, c 

concentration of ammonia 

j 

jacket water 

C P 

specific heat 

P 

pump 

E c 

cooling exergy 

T 

turbine 

p. 

input 

exergy input 

w 

water 

Eoutput 

exergy output 

0 

environment 


quantity of exhaust gas and engine coolant, using sea water as 
cooling source directly. Therefore, studies on WHR system aboard 
ships are valuable and promising. 

Refrigeration is needed for food preservation, air-conditioning 
as well as icemaker for fishing vessels, given the long distance 
transportation mission of ships. Mechanical refrigeration system 
was firstly applied aboard ships in 1960 [19] and still used today. 
However, such a system is driven by electricity or fuel to achieve 
refrigeration. Therefore, heat-operated absorption refrigeration 
system (ARS) driven by waste heat energy is promising as it does 
not consume fuel and helps alleviate environment issues. Further¬ 
more, the restricted use of Chloro-fluorocarbon (CFC) makes 
absorption systems more prominent [20]. Recently, many recent 
efforts have been put into the application of absorption cycles for 
low-grade waste heat recovery. Fernandez-Seara et al. [21] carried 
out an investigation on an ammonia-water absorption refrigera¬ 
tion plant for cooling production onboard. This prototype driven 
by exhaust gas could reduce fuel consumption by 2-4%. Manzela 
et al. [22 also described an ARS driven by the engine exhaust 
gas. Such a refrigerator can reach a steady state temperature be¬ 
tween 4 and 13 °C about 3 h after system start up. Effect of exhaust 
emission is considered in this investigation. Therefore, the absorp¬ 
tion refrigeration system is potential to recover the waste heat of 
ICE and reduce the fuel consumption and emission. 

Taking the characteristic of the waste heat in ICE into consider¬ 
ation, combined cycles are necessary to be studied [23]. Tamura 
et al. [24] introduced a dual-loop Rankine cycle for WHR operating 
range of 40-180 °C, in which steam-water is used for higher tem¬ 
peratures and ammonia is used for lower temperatures. Goswami 
[25 proposed a combined power/refrigeration cycle using ammo¬ 
nia-water as the mixed working fluids [26-31 ]. In their system, the 
ammonia vapor from a rectifier unit first expanded in a turbine to 
generate power and then provided cooling by transferring heat to 
the chilled water. Another investigation conducted by Zheng 
et al. [32] was an absorption power-cooling cycle based on Kalina 
cycle. The flash tank in Kalina cycle was replaced by a rectifier. A 
condenser and an evaporator were introduced between the recti¬ 
fier and the second absorber. With these modifications, the cycle 
was able to provide refrigeration and generate power simulta¬ 
neously. Energy and exergy efficiency were 24.2% and 37.3% with 
the turbine inlet parameters of 350 °C/50 bar. Therefore, it is an 
excellent option to recover the waste heat to produce electricity 
and cooling simultaneously through a combined system. 


In this paper, an electricity-cooling cogeneration system based 
on Rankine-absorption refrigeration combined cycle is proposed. 
The exhaust gas with higher temperature is used to drive the RC. 
Meanwhile, the heat of the steam at the turbine outlet is used to 
drive the ARS for producing cooling. Net power output, cooling 
capacity and exergy efficiency are chosen as the objective functions 
to evaluate the performance of the cogeneration system. Influences 
of operating parameters are also evaluated. 

2. Novel electricity-cooling cogeneration system 

2. J. Physical properties of exhaust gas 

In this study, the simulation is based on a 9RTA-96C Wartsila- 
Sulzer low-speed, two-stroke marine engine, of which the waste 
heat of the exhaust and engine coolant is used to power the elec¬ 
tricity-cooling cogeneration system. The following analysis is 
based on the tropical operation condition of 100% CMCR load, with 
which the effective power, exhaust temperature and mass flow 
rate are 51,480 kW, 314 °C and 379819 kg/h, respectively [33,34], 
According to the information of heavy fuel oil [35], the air fuel ratio 
(AFR) is assumed to be 18.5 and the mass fraction of the exhaust 
gas is then calculated: N 2 = 72.16%, C0 2 = 17.6%, H 2 0 = 5.29% 
(gas), 0 2 = 4.5%, S0 2 = 0. 45%. 

2.2. Cycle description 

The proposed cogeneration system consists of a conventional 
RC and an absorption refrigeration cycle, as shown in Fig. 1. T-S 
diagram of the working fluid in RC is shown in Fig. 2. In RC, water 
is used as the working fluid. The advantage for ammonia-water is 
that ammonia can evaporate at lower temperatures (i.e. from 
263 K to 273 K) compared to H 2 0-LiBr (i.e. from 277 K to 283 K) 
[36 . Therefore, ammonia-water is used as the working pair for 
refrigeration. The combined cycle is then described as the 
following. 

There are five main components in the RC, including steam tur¬ 
bine, condenser, circulation pump, pre-heater and evaporator. The 
saturated liquid water is firstly pumped into high pressure, and 
then flows into the pre-heater to absorb the heat of jacket water. 
Then the water flows into the evaporator to be heated into super¬ 
heated steam vapor by the exhaust gas. The steam vapor expands 
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Preheater 



Fig. 1 . Schematic of the novel electricity-cool cogeneration system. 


Water 



Fig. 2. T-S diagram of working fluid in Rankine cycle. 


through a turbine, decreasing the temperature and pressure and 
generating power. The power is then transferred to the electric 
generator or output shaft. At last, the steam from the turbine outlet 
is condensed into saturated fluid again in the condenser, which 
also acts as an evaporator in the absorption refrigeration cycle. 
Then a new cycle begins. 

In the absorption refrigeration cycle, the heat of the steam at 
the turbine outlet in RC is used to distill the ammonia vapor from 
the strong ammonia-water solution in the generator. The rectified 
ammonia vapor is then condensed through a heat exchanger to 
replenish the supply of liquid ammonia in the evaporator. Expan¬ 
sion valve V-l is used to lower the condensation pressure down 
to the evaporation pressure and control the mass flow rate of the 
refrigerant. The liquid ammonia is evaporated in a low partial pres¬ 
sure environment, extracting heat from its surroundings and gen¬ 
erating cooling power. The vapor out of the evaporator is absorbed 
in the absorber by weak solution that is depressurized to the evap¬ 
oration pressure by valve V-2. During this process, the absorber is 
cooled by the sea water, lowering both the temperature and pres¬ 
sure of absorber, which will make the gaseous ammonia easily dis¬ 
solve in the weak solution. The strong solution from the absorber is 
pumped into the solution heat exchanger (SHX) by pump-1 and 
then into the generator. Then the cycle restarts. 


3. Modeling and assumption 

The needed thermodynamic parameters, the enthalpies and 
entropies in different states were obtained by Equation Evaluation 
Solution (EES), which is usually used in evaluation and optimiza¬ 
tion of the thermodynamic cycle performance Computer simula¬ 
tions were also conducted by EES to evaluate the thermodynamic 
performance of the electricity-cooling combined system. The ther¬ 
modynamic description of absorption cycle was based on the 
Schulz’s equation of state for the ammonia-water [37] and the rel¬ 
ative mathematical model was developed to descript the working 
process. Before detailed analysis, typical assumptions should be 
first considered: 

(1) The system is operating in a steady state. 

(2) The efficiency of fluid pumps in the system is 0.8, and that of 
turbine is 0.7. 

(3) The temperature of the exhaust out of the boiler is higher 
than the dew point. 

(4) The solution and refrigerant valves are adiabatic. 

(5) Before flowing into the condenser, the water content in the 
ammonia vapor is assumed to be removed thoroughly in a 
purification process. 

(6) The refrigerant out of the condenser is saturated liquid and 
the refrigerant out of the evaporator is saturated vapor. 

(7) The weak solution out of the generator is saturated solution 
in the corresponding pressure and temperature. 

(8) The simulation program neglects pressure drops and heat 
losses. 

Main operation parameters should also be set before the ther¬ 
modynamic modeling, as shown in Table 1. 

Based on the assumptions and the operation parameters, 
the working process in each part can be described as 
follows: 

Pumpl (state: 16 -> 17): 

The fluid pump is driven by electricity and the work consumed 
by Pumpl is: 

W pl = m(t ii 7 - h K )/t] pl 

Pre-heater (state: 17 -> 18): 

The pre-heater transfers the heat from the jacket water to the 
working fluid, enhancing the temperature of the working fluid 
and relieving energy burden of the evaporator 

m(hi8 - h 17 ) = c pw rfij(T 20 - T 2 i) 

Evaporator 1 (state: 18 -> 19): 

This is an isobaric heating process in the evaporator. The heat 
transferred from the exhaust gas to the working fluid is: 

rh(/i]9 — h\g) = c pg m g (T 22 — T23) 

Qeral = C pg rn g (j22 - T23) 

Turbine (state: 19 -> 15): 

Non-isentropic expansion process occurs in the turbine. A gen¬ 
erator is connected with the turbine, which converts the power 
into electricity. 

W = m(h w - h K )rj T rj c 
W net = W-W P 
m) 9 = rrijs 

Condenser! (state: 15 -> 16): 
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Table 1 

Main parameters of operating conditions. 


Parameters 

Value 

Parameters 

Value 

Atmosphere pressure 

101 kP 

Mole fraction of strong solution out of absorber 

0.8 

Atmosphere temperature 

303 K 

Min temperature difference in the condenser of ARS 

6 K 

Sea water temperature 

288 K 

Min temperature difference in the evaporator of ARS 

5 K 

Efficiency of pump 

0.8 

Effectiveness of SHX 

0.9 

Efficiency of electric generator 

0.8 

Min temperature difference in the absorber 

6 K 

Efficiency of turbine 

0.7 

Condensation temperature of refrigeration 

294 K 

Exhaust gas temperature of evaporator outlet 

373 K 

Set temperature for the refrigerated environment 

273 K 

Jacket coolant temperature of pre-heater inlet 

363 K 

Min temperature difference in the pre-heater 

5 K 


This is an isobaric condensation process in the condenser. The 
energy transferred in this process can be expressed as: 

Qcondi = m(h, 5 - hie) 

There are eight main components in the absorption refrigera¬ 
tion cycle: generator, condenser, two expansion valves, evaporator, 
absorber, fluid pump and SHX. The working process in each part 
can be described as follows: 

Generator (7 -» 1, 8): 

The ammonia-water absorbs heat energy in the genera¬ 
tor. The energy balance and quality balance can be ex¬ 
pressed as: 

m(h, 5 - hi 6 ) = m,h, + m 8 h 8 - ni 7 h 7 

m 7 = ni 8 + nil 

m 7 a = rh 8 b + niic 
Condenser2 (1 -> 2): 

In the condenser 2, the seawater is used as the heat sink. The 
energy balance and quality balance can be expressed as: 

rrqlq - m 2 h 2 = m' 12 h 12 - m' n h u 
rhi = ni 2 

Expansion valve (2 -> 3) 

The expansion valve is used to control the evaporation pressure 
as well as the fluid mass flow rate. It can be seen as an adiabatic 
process. 

h 2 = h 3 
m 3 = ni 2 

Evaporator 2 (3 -> 4): 

The evaporator absorbs heat from environment and generates 
refrigeration. 

ni 4 h 4 - ni 3 h 3 = c p „m a (T 13 - T 14 ) 
ni 4 = rh 3 

Qei’a2 = Cpafflai T \3 T\ 4 ) 

Absorber (4, 10 -> 5): 

The ammonia vapor flows into the absorber and is absorbed by 
the weak solution. 

ni 4 h 4 + m 25 h 25 + m w h w = m 5 h 5 + m 24 h 24 

ni 4 + m\o = ni 5 

ni 4 c + rn'ioh = ni 5 a 

rri 24 = ni 25 

Pump2 (5 -> 6): 


The fluid pump is driven by electricity. The electricity con¬ 
sumed by Pump-1 can be expressed as: 

W p2 = (m 6 h 6 - ni 5 h 5 )/r\ p2 

ni 6 = m 5 

SHX (6 -> 7, 8 -> 9): 

SHX is also named economizer, which can improve the thermal 
efficiency of cooling cycle [38], The energy balance and quality bal¬ 
ance can be expressed as [36,38]: 

m 7 li 7 - ni 6 h 6 = m s h s - m 9 h 9 
ni 7 = ni 6 
nig = ni s 

T 9 = eT 6 + (1 — £)T 8 

Solution valve V-2 (9 -> 10): 

As the solution valve is adiabatic, the following equation can be 
expressed: 

h 9 = h io 

ni 9 = rn'io 

Coefficient of performance (COP) is adopted as the performance 
function of refrigeration cycle. COP is defined as cooling load at the 
evaporator (Qe V a 2 ) divided by energy input at the generator (Q^ en ). 
In order to calculate the net COP, power consumption by the pump 
is taken into account. 

COP = Q_evail (Qcondi + Wp2 l>ip 2 ) 

In this study, primary energy rate (PER) [39] and exergy effi¬ 
ciency are used as criterions to evaluate the combined cycle perfor¬ 
mance of electricity and cooling. The PER is defined as the ratio of 
the energy output to the energy input the combined system as 
follows: 

_ Qoutput _ Wout Q.evdl 

Q-input Q-pre + Q-eva\ + Wpi + W P2 

There are huge differences between the energy grade of elec¬ 
tricity and cooling effect. While considering the difference of dif¬ 
ferent energy grade, exergy efficiency is often used to evaluate 
the performance of cogeneration system. Exergy efficiency of 
cogeneration system is generally defined as the ratio of exergy out¬ 
put to the exergy input to the cycle [40-42]: 

routput “E P( 

~ t — w. 

A L ‘-input ‘-input 

£c = (j- i)a e! « 2 

Wherein, the )j n is the exergy efficiency, E inpu[ is the exergy of 
heat source, W net is the electricity output of generator, and E c is 
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the exergy of cooling capacity, which is defined as the maximum 
useful work attainable from a heating process between the system 
(T 0 ) and the reference environment (T) [42], 

4. Model validations 

As there is no relevant suitable model to validate such configu¬ 
ration of the whole cogeneration system, the RC validation and 
absorption refrigeration cycle validation were conducted sepa¬ 
rately. The mass and energy balance of steam RC was based on 
the Ref. [44]. The errors of main parameters were shown in Table 2, 
in which the maximum error is about 5.5%. The thermodynamic 
description of absorption cycle was based on the Schulz’s equation 
of state for the ammonia-water [37] and the validation of mathe¬ 
matical model was based on Ref. [36], The thermodynamic proper¬ 
ties at various states in absorption refrigeration cycle were shown 
in Table 3. We can learn that the maximum error is less than 9.38%. 
For the performance of the absorption refrigeration cycle, the COP 
is 0.6552 compared with 0.6160 in Ref. [36], and the error is about 
6.36%. Such a deviation is with sufficient accuracy for our 
investigation. 

5. Results and discussion 

As the condenser of RC is also the evaporator of the absorption 
refrigeration cycle, the temperature and mass flow rate of the 
working fluid in it are important factors that influence the whole 
system. In this investigation, superheat of the working fluid and 
vaporization pressure of Rankine cycle are set as variables. Con¬ 
densation temperature of RC should not be too high to avoid the 
case that the temperature of working fluid at the outlet of Pump 
1 is higher than that of the jacket water in the pre-heater. The sim¬ 
ulation shows that the condensation temperature of Rankine cycle 
should be lower than 358 K. Moreover, the superheat should be 
higher to avoid the liquid-hit problem of the turbine blade. The 
superheat of steam is found to range from 100 K to 180 K. In addi¬ 
tion, the cooled exhaust temperature is set to be above 100 °C [43], 
to avoid the low-temperature corrosion of the exhaust pipe due to 
the acid dew point. 

As water is a wet working fluid, it is important to make sure 
that the steam at the turbine outlet is dry to prevent the turbine 
from liquid-hit. Control of the mass flow rate of the working fluid 
and the vaporization pressure of RC can avoid the above issue for a 
fixed heat source temperature (314 °C). In the presented simula- 


Table 2 

Error analysis of performance of Rankine cycle. 


Rankine cycle 

Presented study 

Ref. [44] 

Error [%) 

r, 9 00 

573.7 

573.2 

0.08 

^/th.ORC 

0.1952 

0.185 

5.5 

Pturbine (kW) 

128.2 

135.3 

5.2 

P„et (kW) 

127.8 

132.7 

3.7 

Pcond (kPa) 

69.72 

70.14 

0.6 


tion work, the mass flow rate working fluid depends on the tem¬ 
perature of the heat source by means of the pinch point method 
[44 ]. In this paper, the quality of the steam at steam turbine outlet 
is controlled by the vaporization pressure of RC. For a given super¬ 
heat and condensation temperature, a maximum vaporization 
pressure exists. If the working pressure is higher than this maxi¬ 
mum vaporization pressure, the steam at the turbine outlet will 
partially become liquid, which does harm to turbine blade. 

In Fig. 3, it is evident that the maximum cycle pressure of RC in¬ 
creases with the condensation temperature and superheat of the 
working fluid. As the superheat and condensation temperature of 
working fluid increase, the maximum vaporization pressure of RC 
increases. For wet working fluid water, as the superheat of steam 
increases, the state point at the turbine outlet goes far away from 
the saturated vapor curve, resulting in the maximum vaporization 
pressure available also increasing. Meanwhile, with the increase of 
the condensation temperature, the state of saturated vapor curve 
of the condensation process moves towards left continuously, 
which allows a higher pressure for RC. 

Taking the limitation of the dew point into consideration, the 
exhaust temperature cannot be too low for the prevention of ex¬ 
haust pipe corrosion. Therefore, the following simulation results 
are based on the condensation temperature of 323 K and the pres¬ 
sure ranges with the maximum vaporization pressure provided in 
Fig. 3. 

The electricity output is a significant important parameter to 
evaluate the performance of RC. In Fig. 4 the electricity output is 
plotted with respect to the vaporization pressure of RC. It is evident 
that when the superheat is lower than 160 °C, the electricity power 
increases with the increase of RC vaporization pressure; when the 
superheat is higher than 160 °C, the electricity increases at first 
and then decreases as the RC vaporization pressure increases. 
The maximum electricity output exists at about 700 kPa. This is 



Fig. 3. Influence of condensation temperature on the saturated steam pressure. 


Table 3 

Error analysis of thermodynamic properties at various states in absorption refrigeration cycle. 


Fluid state 

T(°C) 

T (°C) in Ref] 36] 

P (kPa) 

P (kPa) in Ref. [36] 

Concentration (%) 

Concentration in Ref. [36] (%) 

Generator NH3 exit (1) 

100 

100 

1167 

1166.92 

100 

100 

Condenser NH3 exit (2) 

30 

30 

1167 

1166.92 

100 

100 

Evaporator NH3 exit (4) 

-5 

-5 

352.8 

354.42 

100 

100 

Absorber solution exit (5) 

25 

25 

352.8 

354.42 

53.5 

52.24 

Generator solution inlet (7) 

64.2 

67.7 

1167 

1166.92 

53.5 

52.24 

Generator solution exit (8) 

100 

100 

1167 

1166.92 

36.7 

33.55 

Absorber solution inlet (10) 

40 

40 

352.8 

354.42 

36.7 

33.55 
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Fig. 4. Influence of vaporization pressure of RC on the electricity output. 



Fig. 5. Influence of vaporization pressure of RC on cooling output. 


mainly because that the electricity output depends on both the 
working fluid mass flow rate and the enthalpy difference between 
turbine inlet and outlet. As the vaporization pressure increases, the 
enthalpy difference increases. However, the mass flow rate of 
steam decreases. According to the T-S diagram, when the vapori¬ 
zation pressure increases, the temperature of saturated liquid 
point, which is also the pinch point between the working fluid 
and the exhaust, also increases. For a given pinch point tempera¬ 
ture difference, the temperature of exhaust gas from the evapora¬ 
tor outlet also increase, meaning that the total heat transferred 
from the exhaust to the working fluid decreases. In addition, with 
the increase of vaporization pressure, the working fluid tempera¬ 
ture at turbine inlet or evaporator outlet also increases. Though 
with the increase of vaporization pressure, the working fluid tem¬ 
perature at evaporator inlet also increases, whose effect is slighter 
than the increase of the temperature at evaporator outlet. The en¬ 
thalpy increment in the evaporator increases. So the mass flow rate 
of the steam decreases. These two factors leads to an optimum 
vaporization pressure existing. Therefore, the vaporization pres¬ 
sure of RC should be selected in range of 600-800 kPa. 

Cooling capacity is an important factor that evaluates a cooling 
system’s ability to remove heat. From Fig. 5 it can be observed that 
the cooling capacity decreases with the increase of the vaporiza¬ 
tion pressure of RC. In this simulation, the condensation tempera¬ 
ture and evaporation temperature of ARS is fixed. Therefore, the 
cooling capacity of the absorption cycle depends on the mass flow 
rate of ammonia vapor separated in the generator. In the absorp¬ 
tion refrigeration cycle, the generating temperature influences sig¬ 
nificantly on the ammonia concentration of the weak ammonia- 
water solution in the outlet of generator. For a higher generating 
temperature (corresponding to the condensation temperature of 
RC), the ammonia vapor separated from per unit mass of ammo¬ 
nia-water solution is more than that of low generating tempera¬ 
ture. However, the mass flow rate of ammonia-water solution 
into the generator decreases. In the case of a lower generating tem¬ 
perature, although the ammonia vapor separated from per unit 
mass of ammonia-water solution is less, the mass flow rate of 
strong ammonia-water solution increases. Based on the simulation 
results, as the vaporization pressure of RC increases, the ammonia 
vapor separated from solution become less, which leads to a lower 
cooling capacity of refrigeration cycle. Based on the analysis above, 
a conclusion can be achieved that it is effective to increase the 
mass flow rate of ammonia-water solution properly to enhance 
the cooling capacity. 



Fig. 6. Influence of vaporization pressure of RC on COP. 


The COP is defined as the cooling capacity divided by the energy 
input in refrigeration cycle. The curves in Fig. 6 refer to the COP of 
refrigeration cycle at different vaporization pressures. It can be 
noted that COP increases sharply with the vaporization pressure 
increasing. The slope of the curve is greater for a lower superheat. 
As mentioned above, the cooling capacity decreases as the vapori¬ 
zation pressure of RC increases. However, the condensation tem¬ 
perature must be relatively high to avoid the liquid-hit problem 
of the turbine blade, resulting in the mass flow rate of ammonia- 
water decreasing significantly. Therefore, the heat energy trans¬ 
ferred from RC to ARS becomes smaller. It is the reason why the 
COP increases with the increasing vaporization pressure of RC, 
although the cooling capacity reduces. 

Primary energy ratio (PER) is simply the ratio of the useful en¬ 
ergy output (electricity and cooling power output in this study) to 
the necessary energy input. This ratio is a measure of the overall 
efficiency of this electricity-cooling cogeneration system, taking 
into account the energy losses related to the generation of electric¬ 
ity and cooling. As mentioned above, the variation of RC vaporiza¬ 
tion pressure significantly influences on electricity output, cooling 
capacity as well as heat energy used in this combined system. The 
value of cooling production in the cogeneration system is much 
more than the electricity generation. For the same superheat, the 
variation trend of PER is the same as the cooling capacity and de¬ 
creases with the increasing vaporization pressure, although the 
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Fig. 7. Influence of vaporization pressure of RC on PER. 



Fig. 8. Influence of vaporization pressure of RC on total exergy output. 


electricity increases. We can come to a conclusion from Fig. 5 that 
the superheat has little effect on the cooling capacity. For different 
superheat, the mass flow rate of working fluid is less for a higher 
superheat, in which less heat energy will be transferred from ex¬ 
haust gas and jacket water to the working fluid of RC. As a result, 
the PER obtains a higher value for a given vaporization pressure 
of RC (see Fig. 7). 

Variations of exergy output of the cogeneration system at dif¬ 
ferent RC vaporization pressures are shown in Fig. 8. Exergy output 
is the value of electricity exergy plus cooling exergy. This parame¬ 
ter indicates the maximum useful energy available aboard ships, 
which takes energy grade into consideration. It can be observed 
that the exergy output increases at first and then decreases. A max¬ 
imum value of exergy output of cogeneration system exists at the 
vaporization pressure of 350 kPa. In addition, a higher superheat 
can produce a slightly higher exergy. From the results mentioned 
above, the electricity increases at first and then decreases when 
the vaporization pressure is over 700 kPa. However, the cooling 
capacity decreases in all the range. Therefore, the parabolic trend 
still exists while the maximum value occurs ahead. According to 
the marine engine power output of 51,480 kW, the useful power 
of this system is possible to enhance 9%. 

Results obtained in Fig. 9 clearly show the benefits of the cogen¬ 
eration system compared to the basic Rankine cycle only. In this 



Vaperization pressure of RC (kP) 

Fig. 9. Comparison of exergy efficiency between basic Rankine cycle and the novel 
cogeneration cycle. 

cogeneration system, the object is to recover the waste heat from 
the marine engine and convert it into electricity and cooling. The 
total output of these two parameters determines the performance 
of the cogeneration system. It can be observed in Fig. 9 that the 
cogeneration system has a significant improvement of the exergy 
efficiency, especially at a lower vaporization pressure of RC. At 
the vaporization pressure of 150 kPa, the exergy efficiency in¬ 
creases from 0.2883 to 0.4143; at the vaporization pressure of 
1160 kPa, the exergy efficiency increases from 0.4183 to 0.4644. 
The cogeneration system improves its exergy output efficiency in 
the range of 4.61-12.6%. All these results indicate that this cogen¬ 
eration system is potential to enhance the performance of the WHR 
system. 

6. Conclusions 

In this investigation, simulation of a novel electricity-cooling 
cogeneration system based on RC and absorption refrigeration cy¬ 
cle is presented. The combined cycle is driven by the waste heat of 
a two-stroke marine engine. The working fluid of RC is water, 
which is first preheated by the jacket water of engine and then 
evaporated and superheated by the exhaust gas. Ammonia-water 
solution is used as the working pair in absorption refrigeration cy¬ 
cle, which is driven by the heat of steam at the turbine outlet in RC. 
Model calculations were performed at different vaporization pres¬ 
sures of RC. Some conclusions can be achieved as the following: 

(1) The proposed electricity-cooling cogeneration system is 
possible to enhance the useful output of the whole power 
plant by about 9%. 

(2) The proposed cogeneration system can satisfy the electricity 
and cooling demands simultaneously. The maximum elec¬ 
tricity output is about 3.05 MW at the vaporization pressure 
of 700 kPa; the maximum cooling capacity is aboout 18 MW 
at the vaporization pressure of 150 kPa. 

(3) Compared with the basic RC, application of the cogeneration 
system is possible to increase the exergy efficiency of WHR 
system from 0.2883 to 0.4143, which increases by 43.7% 
relatively. 

According to the results mentioned above, the performance of 
the WHR system can be improved significantly by adding an 
absorption refrigeration cycle, which possesses great potential to 
recover the waste heat energy of marine engine. In addition, 
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investigation on energy balance and energy management will be 
carried out in future to further validate its effective application. 
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